Ethanol offers significant potential for increasing the compression ratio of SI engines resulting from its high octane number and high latent heat of vaporization. A study was conducted to determine the knock limited compression ratio of ethanol -gasoline blends to identify the potential for improved operating efficiency. To operate an SI engine in a flex fuel vehicle requires operating strategies that allow operation on a broad range of fuels from gasoline to E85. Since gasoline or low ethanol blend operation is inherently limited by knock at high loads, strategies must be identified which allow operation on these fuels with minimal fuel economy or power density tradeoffs.
A single cylinder direct injection spark ignited engine with fully variable hydraulic valve actuation (HVA) is operated at WOT and other high-load conditions to determine the knock limited compression ratio (CR) of ethanol fuel blends. The geometric CR is varied by changing pistons, producing CR from 9.2 to 12.87. The effective CR is varied using an electro-hydraulic valvetrain that changed the effective trapped displacement using both Early Intake Valve Closing (EIVC) and Late Intake Valve Closing (LIVC). The EIVC and LIVC strategies result in effective CR being reduced while maintaining the geometric expansion ratio.
It was found that at substantially similar engine conditions, increasing the ethanol content of the fuel results in higher engine efficiency and higher engine power. These results can be partially attributed to a charge cooling effect and a higher heating value of a stoichiometric mixture for ethanol blends (per unit mass of air). Additional thermodynamic effects on the ratio of specific heats (γ) and a mole multiplier are also explored.
It was also found that high CR can increase the efficiency of ethanol fuel blends, and as a result, the fuel economy penalty associated with the lower energy content of E85 can be reduced by about twenty percent. Such operation necessitates that the engine be operated in a de-rated manner for gasoline, which is knock-prone at these high CR, in order to maintain compatibility. By using early and late intake valve closing strategies, good efficiency is maintained with gasoline, but peak power is about 33% lower than with E85.
INTRODUCTION
There has been a dramatic increase in the use of fuel ethanol in the United States in the past decade, as shown in Figure 1 . The ethanol consumption in 2008, 221,637 thousand barrels, was equivalent to 6.7% of the volume of gasoline sold [1] . The Energy Independence and Security Act (EISA) of 2007 [2] requires that production of bio-derived fuels increase more than 7 fold from their 2007 levels by 2020. Thus, production and consumption of fuel ethanol will almost certainly continue to increase rapidly in an effort to comply with EISA. Two legal forms of ethanol fuel blends are currently sold in the US: E10 and E85. E10, which is nominally 10 vol% ethanol blended with gasoline or gasoline blendstock, can be used in all gasoline vehicles. E85, which can contain nominally from 70 to 85 vol% ethanol [3] , is only compatible with Fuel Flexible Vehicles (FFVs). For a more complete assessment of ethanol compatibility, see reference [4] . Approximately 99% of the fuel ethanol sold in the US is in the form of E10, and even if all the gasoline sold in the US contains 10% ethanol, the goals of EISA cannot be met [4] . Thus, the US Department of Energy (DOE) has an interest in increasing the amount of E85 consumed. From a technical perspective there is need to understand the behavior of all intermediate ethanol-gasoline blends up to E85 because in an FFV, gasoline is frequently added to a partial-tank of E85, or visa-versa. The result is that any ethanol blend level can be in the fuel tank of an FFV, from E0 to E85.
Investigation of Knock Limited Compression Ratio of Ethanol Gasoline Blends
One of the market barriers associated with increased consumer use of E85 is reduced fuel economy compared to gasoline. Ethanol blends do not operate any less efficiently than gasoline; on the contrary, as will be discussed in the present study, ethanol blends actually have an increased thermal efficiency. The reduced fuel economy for E85, and other ethanol-gasoline blends, can be attributed to lower energy content on both a mass and volumetric basis. The energy content of E85 is approximately 32% lower than gasoline on a mass basis.
The broad goal of this project is to investigate optimization methodologies for E85 in an effort to minimize the fuel penalty compared to gasoline. The fuel properties of ethanol, in particular the high octane number and high latent heat of vaporization, provide opportunities for higher efficiency with ethanol that are not currently exploited in current FFVs. For the most part, FFVs being offered by automakers are vehicles that are optimized for gasoline but are able to operate with ethanol, including changes in materials, fuel injector delivery rate, and allowances in engine controller algorithms. Recent work shows that this trend is beginning to change, and that optimization for ethanol is approaching [5] .
The specific goal of this study is to examine the high-load knock-limits of ethanol blends at three different compression ratio configurations. In doing so, we also investigate the feasibility of maintaining compatibility with lower-octane gasoline using two unconventional valve strategies: early intake valve closing (EIVC) and late intake valve closing (LIVC). Specific interest is paid to power, thermal efficiency, and fuel consumption. Combustion analysis is also discussed. A discussion of the emission measurements will be the topic of a future study, and are not discussed here.
EXPERIMENTAL METHODOLOGY

METHODOLOGY 1: EXPERIMENTAL PLATFORM
This study utilizes a new single cylinder engine apparatus at ORNL equipped with a fully variable hydraulic valve actuation (HVA) system from Sturman Industries. The base engine is a GM 2.0L Ecotec engine with direct fuel injection. The geometry of the engine is listed in Table 1 . The engine is equipped with a turbocharger in its production configuration, but is operated as a naturally aspirated engine for this study. Numerous modifications were made to the cylinder head, engine block, intake manifold, and exhaust manifold to allow the engine to accommodate the HVA system and allow it to function as single-cylinder engine.
Table 1. Engine Geometry
*Compression ratio with the production piston
The modifications made to the cylinder head allow three of the cylinders to be disabled, and accommodate the HVA actuators from Sturman Industries. The engine operates in a camless configuration, so both the intake and exhaust cams have been removed. Valves and springs are left in place for the deactivated cylinders so that they can be sealed. The production fuel pump is driven by the intake cam, thus it cannot be used for a camless engine configuration. Instead, pressurized fuel is sent directly to the fuel rail from a pump cart at 10MPa for this study. The oil passages in and out of the engine head are sealed because the production valve-train lubrication system is not necessary with HVA actuators.
Machining modifications allow the cylinder head to
Licensed to Oak Ridge National Laboratory Licensed from the SAE Digital Library Copyright 2010 SAE International E-mailing, copying and internet posting are prohibited Downloaded Thursday, September 09, 2010 8:26:41 AM accommodate a transfer plate and the HVA actuators. Custom fabricated intake and exhaust valves with longer valve stems than the production engine are used, a feature needed in order to mate with the HVA actuators. Other than the extended valve stems, the valves are geometrically identical to the production valves. The custom valves are made from stainless steel, unlike the production valves which are sodium-filled, so some heat transfer differences can be expected. The engine operates without a valve cover. The engine and the modified head can be seen in Figure 2 . HVA research modules from Sturman Industries are used to allow a high degree of valve event flexibility. The valve opening and closing timing as well as the valve lift can be controlled independently for each of the four valves. Valve lift can be controlled from 1.2 to 9.3mm and valve events resemble square waves, with rapid valve opening, a constant valve lift dwell, and rapid valve closing. Rate shaping of the valve events to resemble a cam profile cannot be performed and only one valve lift setpoint per valve event is permitted. Thus, while low-lift valve events can occur at or near piston TDC, the permitted timing of higher lift valve events are restricted to prevent valve-piston collisions. The effective consequence of this limitation is that overlap of the intake and exhaust valve events is not permitted for high valve lift conditions. Cylinders 1, 2, and 3 are disabled by machining holes into the pistons and removal of the piston rings, which together serve to prevent compression and to reduce friction. A picture of the modified pistons installed in the engine is shown in Figure 3 . Added weight to the wristpin replaces the weight removed by machining the piston for balancing purposes. The oil pump integrated into the crankcase is used without modification, and an electric water pump is used to circulate coolant. The intake manifold is modified to block the intake runners to the disabled cylinders, as can be seen in Figure 4 . As can also be seen in Figure 4 , the intake manifold is fitted with an aftermarket port fuel injector, which was not used in this study but does provide this engine experiment with an added element of flexibility which will be used in future studies.
<figure 4 here>
Cylinder pressure measurements are performed using a piezoelectric pressure transducer integrated into a sparkplug. In order to accommodate the need for increasing spark energy at higher CR, a higher energy ignition coil was used at the highest compression ratio (CR), but both were coil-near-plug inductive ignition systems. The production DI fuel injectors were used. An encoder with a resolution of 1800 pulses per revolution was used for both crank-angle resolved data acquisition, and for engine and valve control.
METHODOLOGY 2: COMPRESSION RATIO CONFIGURATIONS
A series of custom pistons were designed and fabricated to change the geometric CR of the engine. In addition to the production piston, which produces a CR of 9.2, two additional pistons are investigated, with resultant CR of 11.85 and 12.87. An attempt was made to operate a fourth piston, with a resultant CR of 13.66, but reliable ignition could not be achieved. The series of pistons is shown in Figure 5 . [4] . Surprisingly, the authors have been unable to find RON and MON measurements as a function of ethanol content that either support or refute these results.
The decision to use RG as the blend stock for ethanol blending, rather than HO, was based on real-world trends in that ethanol is unlikely to be blended with high-octane gasoline. As fuel ethanol consumption increases in the US, there is a trend away from splash-blends toward matchblends, which use a blendstock for oxygenate blending (BOB). In splash-blending, ethanol is mixed with a finished in-spec gasoline, whereas with match blending the ethanol is blended with a BOB that is formulated for the specific purpose of ethanol blending. One of the intended purposes of BOB is to reduce evaporative emissions by reducing the vapor pressure of ethanol fuel blends. Importantly, since ethanol also acts as an octane improver, the octane number of BOB doesn't need to be as high as conventional finished gasoline to meet market specs. Because producing a high octane product is more expensive for refiners, the BOB blendstock is likely to be of a lower octane than conventional gasoline. Thus, the ethanol fuels for this study were blended with the lower-octane gasoline. 
METHODOLOGY 4: EXPERIMENTAL PROCEDURE
The investigation consisted of ten engine operating conditions per fuel per compression ratio, resulting in a matrix of 10×5×3 = 150 points, although a number of these proved to be inoperable. Each operating point consisted of a spark sweep to locate the maximum brake torque (MBT) spark timing. All fuels were run at stoichiometric conditions. A graphical representation of the engine operating conditions is shown in Figure 6 . Engine operating points 1, 2, and 3 represent a speed sweep at full engine load, from 1500 to 2500 rpm. Engine operating points 1, 4, and 8 represent a load sweep, accomplished by throttling, at 1500 rpm. Engine operating points 1, 2, 3, 4 and 8 all share common valve timing conditions. Engine operating conditions 5, 6, and 7 have the same fuel and air flow rates as point 4 for a given fuel and CR, but operate unthrottled with valve events controlling air flow instead of throttling, thus they are designated as equivalent to the 90 kPa throttled condition for comparison. Similarly, points 9 and 10 have the same air and fuel flow rate as point 8 for a given fuel and CR, but operate unthrottled and with unconventional valve events to control air flow, making them equivalent to the 80 kPa MAP throttled condition for comparison. Points 5 and 9 utilize a late intake valve closing (LIVC) strategy to control air flow, breathing excess air into the cylinder during the intake stroke, and then discharging a portion of it back into the intake manifold during the beginning of the compression stroke. Points 6, 7, and 10 utilize an early intake valve closing (EIVC) strategy where the intake valve is closed during the latter portion of the intake stroke, trapping only the desired mass of air, resulting in the remainder of the intake stroke creating a vacuum in the cylinder. Operating point 7 differs from point 6 in that the closing angles for the two intake valves are different, producing an asymmetric profile. The asymmetric intake valve closing is done in an effort to induce charge motion to reduce combustion duration, with one intake valve closing 60 crank angle degrees before the other. Both the LIVC and EIVC strategies have been investigated previously as methods of operating the engine unthrottled for higher efficiency [6, 7] . While that is true here, we are also investigating the feasibility of these strategies to mitigate knock.
Valve lift is 9 mm for both the intake and exhaust valves for all operating conditions except for the asymmetric early intake case (operating condition 7). For this conditition, the duration of the shorter valve event is too short for the valve to fully open to 9 mm, and achieving the valve lift setpoint is required for the Sturman valve system. Thus, the intake valve lift at this operating condition is reduced to 5 mm. It was desirable to inject the fuel during the intake stroke to ensure good mixing. The start of fuel injection for operating points 1-5 as well as 8 and 9 is −270 CA, where 0 CA represents combustion TDC. The start of injection timing was advanced to −300 CA for the EIVC operating points 6, 7, and 10 in an effort to ensure that fuel injection occurred near maximum lift of the intake stroke, and not near intake valve closing. Start of injection timing was held constant for all fuels at a given operating point.
RESULTS AND DISCUSSION
The MBT spark timing, indicated mean effective pressure (IMEP), indicated specific fuel consumption (ISFC) and indicated thermal efficiency (ITE) are shown in Table 3 . For the purposes of this study, all references to IMEP refer to net IMEP, and similarly ISFC and ITE are calculated using the net IMEP. As expected, the factors that contribute to increased knock are decreased RON and MON, increased compression ratios, increased engine load, and decreased engine speed. In some cases, spark advance is knock-limited, resulting in an efficiency penalty. In other cases, knock was so severe that the engine condition is inoperable. Because of temperature considerations in the exhaust manifold, the most retarded spark timing considered for this work is 0 CA, or TDC.
As stated in the Introduction section, emissions measurements were performed during this set of experiments but are not presented here because they will be the subject of a future paper. However, the differences in engine performance are not the result of major differences in mixture preparation and combustion efficiency. Combustion efficiency variation throughout the experiment was low, with a range of 94.6% to 96.7%. Table 3 contains a large amount of information about the effects of fuel composition, CR, and valve events on efficiency, ISFC, and IMEP. The shading of the inoperable and knock-limited cases serves as a visual indication of operability limitations as CR is increased, and throughout the remainder of this paper, the data in Table 3 is analyzed, plotted and discussed in detail. The data in Table 3 is provided primarily to serve as a data reference throughout the remainder of the paper.
CR, FUEL, AND VALVE TIMING EFFECTS ON ISFC AND EFFICIENCY CR Effects on ISFC and Efficiency
A First Law Thermodynamic analysis tells us that the efficiency of an air-standard Otto Cycle is fundamentally related to CR according to the following relationship [8] Equation 1 where η is thermal efficiency and γ is the ratio of constant pressure to constant volume heat capacity, a term that is discussed in more depth in the next section. Heywood explains that experimental results agree with fundamental thermodynamics, with increased CR producing higher efficiency, but also show diminishing efficiency returns with CR > 14 due to higher heat and friction losses [9] . In practice, CR in production engines is limited by the ability of gasoline to resist knock, especially at the most knock-prone engine conditions which are low-speed and high-load.
High ethanol blends have been shown to permit higher CR operation. Caton et al. [10] showed that for E85 blends, the maximum brake torque (MBT) spark timing could be maintained up to a CR of about 13.5, whereas MBT could not be maintained for gasoline and E10 past a CR of 9.0 in a modified CFR octane rating engine. Nakata et al. [11] showed at a CR of 13.0, MBT timing was knock-constrained for E0, E10, and E20, but not knock-constrained for E50 and E100 at the tested conditions. Stein et al. [12] evaluated a dual fuel system, where gasoline was delivered through a PFI injector as the primary engine fuel, and E85 was delivered as the secondary engine fuel as-needed to prevent knock. It was found that under turbocharged conditions with a 12.0 CR configuration, the maximum amount of E85 required to prevent knock at peak load was less than 60%, which is effectively about E50. The work here is unique in that it investigates, in combination, the effect of several high CR in an engine with DI fueling and with ethanol blends.
<table 3 here> Figure 7 shows ITE, ISFC, and IMEP as functions of compression ratio for E85 and RG at two different operating conditions (condition 3, 2500 rpm WOT, and condition 9, 1500 rpm LIVC, 80 kPa equiv). For E85, which isn't knocklimited at either of these operating condition, ITE and IMEP both increase with increasing CR, while ISFC decreases. However, the spark advance for RG is limited for both of these operating conditions at CR > 9.2. Thus, spark timing is retarded to prevent knock for RG. Previous work has quantified a power penalty and an efficiency penalty associated with retarded spark timing [13] , a penalty that holds true here for RG. As a consequence, Figure 7 shows that the peak ITE is achieved at a CR lower than the peak CR. In addition, unlike E85, RG does not exhibit a consistent increase in IMEP as CR increases, a result that can also be attributed to spark retard.
Thus, these results show that increased CR does provide a substantial ITE increase when spark advance is not knocklimited. For fuels that are knock-limited, increasing CR results in an eventual ITE decrease because of retarded spark timing. These results agree with references [10, 11, 12] discussed previously. Also noteworthy in Figure 7 is the observation that at a given operating condition, E85 produces more power and operates more efficiently than RG, even at CR = 9.2 where RG is not knock-limited. This observation is discussed in more depth in the following section. The higher efficiency of E85 is not sufficient to compensate for its reduced energy content relative to RG, thus there is still significantly higher fuel consumption for E85.
<figure 7 here>
Fuel Effects on Power and Efficiency
Changing fuel composition can increase power and efficiency in two ways: by making optimum engine conditions possible, such as in the above discussion where spark advance is knock-limited for RG, or by increasing the power or efficiency of substantially similar engine conditions. The former is largely associated with points that are knock limited for a given fuel. The latter, efficiency and power differences at substantially similar engine conditions, is discussed here.
ITE, IMEP, and ISFC are shown in Figure 8 for each fuel at operating condition 8 (1500 RPM, throttled, 80 kPa manifold pressure) and CR = 9.2. As with Figure 7 , this is a subset of the data shown in tabular form in Table 3 . Figure 8 is qualitatively representative of all engine conditions at a given CR where spark advance is not knock-limited for any of the fuels. While these operating conditions are substantially similar, with the intake manifold throttled to 80 kPa for all fuels, the trend in net IMEP shows that power output increases with increasing ethanol content. Relative to RG, the IMEP for E85 increases 9.5%, from 749 kPa for RG to 820 kPa for E85. Similarly, ITE also increases with ethanol content, from 34.2% for RG to 36.7% for E85. While this is a Thus, with increasing ethanol content, both power and thermal efficiency increase simultaneously. This effect has been noted previously on both engine studies [14] and vehicle studies [15] , but while the trend is consistent, it is not fully understood. One contributing factor to the increased power is a charge cooling effect, which increases volumetric efficiency. The average normalized air flow for each of the fuels across all operating points is shown in Figure 9 . The airflow for E85 increases about 2% compared to RG, and E50 air flow increases about 1.5%. The increased air flow can be attributed to a charge cooling effect with ethanol due to its higher latent heat of vaporization (919 kJ/kg for chemically pure ethanol, and as 350 kJ/kg for typical gasoline [16] ). The mechanism of the charge cooling effect is that when fuel is sprayed into the intake air charge of an engine, the heat needed to vaporize the fuel must be extracted, at least partially, from the air, reducing the specific volume of the intake charge. This is particularly true in an engine with DI fueling, where the fuel has less interaction with the hot engine surfaces in the intake manifold. Since the latent heat of vaporization is significantly higher for ethanol, it is more effective at cooling the intake charge than gasoline. The 2% increase in air flow for E85 equates to more than a 2% increase in fuel energy flux for E85. Using the fuel properties presented in Table 2 , the heating value of a stoichiometric mixture, per unit mass of air, is calculated and presented in Table 4 . The data shows that energy content per unit mass of air increases as ethanol content increases, equating to about a 3.4% increase for E85. Thus, multiplying 102% of the air flow for E85, relative to RG, and 103.4% of the energy content per unit mass of air, the energy flux of E85 is expected to be 105.5% of RG, which accounts for a little over half of the IMEP increase for E85 in Figure 8 . It should be noted that the higher energy content of E10 compared to E50 in Table 4 is not thought to be a real phenomenon. Rather, it is thought to be a result of measurement error in either the heat of combustion measurement (ASTM D240) or the elemental analysis measurement (ASTM D5291), both of which are used for this calculation. Table 4 . LHV of stoichiometric mixture per unit mass of air.
With roughly half of the increased IMEP being accounted for with the increased air flow and the increased energy content of a stoichiometric mixture per unit mass of air, the remaining increase in power can be attributed to the higher engine efficiency for ethanol fuels. The additional fuelspecific factors that lead to an increase in efficiency are differences in γ and a mole multiplier (MM) effect. To explore these further, we use the first law of thermodynamics to describe the expansion or compression work for a gas in a reversible adiabatic system gas in Equation 2 from reference [8] Equation 2 where R is the universal gas constant, n is the number of moles, T1 is the initial temperature, and P1 and P2 are the initial and final pressures, respectively. Using relationships between volume, temperature, and pressure, also from reference [8] , the pressure terms in Equation 2 are substituted with volume terms in Equation 3 , where V1 and V2 are the initial and final volumes. This makes the equation more applicable to engines which have a fixed displacement and clearance volumes.
Equation 3
The amount of work needed for compression and the amount of work that can be extracted by expansion are dependent on γ. For compression, less work is required for a given ΔV as γ decreases. From an efficiency standpoint, though, it is desirable to have high γ because Otto cycle efficiency improves, as described in Equation 1. This is because when more work is done on the working fluid during compression, the end of compression temperature and pressure are higher, resulting in a greater ΔP during combustion, and more net work out. However, for expansion work, it is desirable to have a low γ. A low γ during expansion maximizes work output from a given starting temperature and pressure condition, as described in Equation 2.
The MM effect impacts the n term in Equation 2. It accounts for the change in the number of moles during the combustion process, and is defined as the ratio of the number of product moles (n products ) to the number of reactant moles (n reactants ). From an efficiency standpoint, it is advantageous to have the MM as high as possible so that more moles are available to extract heat from during the expansion process. It should be noted that standard combustion analysis methodologies do not account for an increase in the number of in-cylinder moles. As a result, there is an inherent error in the calculation of in-cylinder temperature, which is calculated from the pressure trace.
In order to quantify both γ and the MM effect, we discuss surrogate fuels that have known molecular weights instead of the real fuels used in this study, specifically iso-octane, toluene, and ethanol. By balancing the stoichiometric equations for these fuels, as is shown below, the composition during both compression and expansion (assuming the complete stoichiometric products) are known. Using thermodynamic data from reference [17] , γ is calculated as a function of temperature and is shown in Figure 10 . For stoichiometric mixtures of iso-octane and toluene, the γ values are nearly identical during both compression where the maximum difference is 0.13%, and during expansion, where the maximum difference is 0.08%. Stoichiometric mixtures of ethanol exhibit more variation, being up to 1% lower than iso-octane during compression, and 0.33% lower during expansion. As described above, the lower γ for ethanol during compression is undesirable from an efficiency standpoint, but the lower γ during expansion is desirable. So, while it is clear that there are differences in γ between ethanol and gasolinerange hydrocarbons, the net effect on efficiency is not obvious.
Simply by counting (n products ) and (n reactants ) for the balanced stoichiometric equations above, as well as for other similar fuels, Figure 11 is produced to show the MM for a series of alkanes, alcohols and aromatics. Because the molecular formula determines stoichiometry and the MM, n-alkanes and iso-alkanes yield the same result. Within a given class of compounds, there is a consistent trend of increased MM as the MW increases. Each class of compounds exhibits a unique trend, with aromatics having the lowest MM at a given MW, followed by alkanes, and alcohols having the highest. Although olefinic compounds are not shown here, they fall between paraffins and aromatics. In order to calculate the MM for gasoline the exact composition of the fuel must be known. However, we know that gasoline is comprised of a mixture of aromatics, alkanes, and olefins. Thus, an estimate for the MM of gasoline is shown by the shaded region in Figure 11 . Thus, the higher MM for ethanol, as well as other alcohols, is advantageous for efficiency. While it is clear that the lower γ and the higher MM may affect thermal efficiency of ethanol-blends, the mechanisms and contributions of these effects are not entirely understood. We can theorize that the mechanism by which the MM can affect efficiency may be through heat transfer. The ideal gas law describes that P = nRT/V, and if we consider P, R, and V to be constant, we see that n and T have an inverse relationship. The implication here is that because ethanol fuels have a higher MM, the temperature required for a given cylinder pressure is lower, and lower temperature will result in less heat transfer to the combustion chamber walls. Supporting this theory are several studies that have found less heat and/or exergy transfer for ethanol-containing fuels [5, 18, and 19] . However, providing a clear understanding of the effects of γ and the MM effect are beyond the scope of this study.
Valve Timing Effects on Efficiency and ISFC
Our application of EIVC and LIVC valve events, rather than throttling, serves two purposes: to control load in a manner that reduces or eliminates engine throttling losses, and to accommodate knock-prone fuels by reducing the effective An example case of this methodology can be taken at a mechanical CR = 11.85, an engine speed of 1500 rpm, and a demand for maximum engine load (i.e. operating condition 1, 1500 RPM WOT). Table 3 shows that this condition is inoperable for the lowest octane fuel (RG), knock-limited for the next two lowest octane fuels (HO and E10), but is not knock-limited for the two highest octane fuels (E50 and E85). Figure 13 shows engine performance for E85 at this condition compared to the possible operating conditions for RG and HO. Compared to E85, the lower octane gasoline, RG, must operate at a lower load. The options are operating condition 5, which offers the highest power output, and operating condition 9 which offers the highest efficiency. Both options impose IMEP reductions (21% and 30%, respectively) and ITE is also reduced. For the higher octane gasoline, HO, the engine is able to operate at condition 1, enabling it to produce a higher power than the lower octane gasoline although is still decreased by 9% compared to E85, and the retarded spark timing negatively affects ITE. Higher efficiency/lower power alternatives for HO are operating conditions 5 and 10, as shown in Figure 13 .
Thus, at a high mechanical CR, the fuels that are knocklimited can still be operated, but in a de-rated manner. At 1500 RPM and CR = 11.85, the maximum load for RG, which was the most knock-prone of the fuels tested, represents a 21% reduction in IMEP compared to E85, and the ITE is reduced from 39.0% to 36.0%. For HO, which is knock-limited but operable at WOT with a retarded spark timing, the highest power output results in a 9% reduction in IMEP and a reduction in ITE to 35.8% compared to 9.0% for E85.
The impact of this operating strategy on performance is further explained in Figure 14 , which shows thermal efficiency, power, and fuel consumption as functions of CR for E85 and RG at maximum power at 1500 RPM. For E85, operating condition 1 is used for maximum power at each CR. Because of knock limitations for RG, operating condition 1 can only be used at CR=9.2, necessitating that operating condition 5 be used at CR=11.85, and that operating condition 9 be used at CR=12.87. Thermal efficiency for both fuels increases as CR increases, but the increases for E85 are much larger than for RG. The less substantial increases in efficiency for RG can be attributed to the need to switch to lower efficiency operating conditions (conditions 5 and 9) as CR increases, and having a knock-limited spark advance at these conditions. Power increases for E85 at higher CR, but decreases for RG due to the need to switch to de-rated operating conditions because of knock limitations. The result is that RG is de-rated by 8% at CR = 9.2, by 21% at CR = 11.85, and by 33% at CR = 12.87.
The third chart in Figure 14 , fuel consumption as a function of CR, reveals the effect of the stated goal of this research project: the ability to reduce the fuel economy gap between E85 and conventional gasoline in an FFV. Fuel consumption decreases for both E85 and RG as CR increases, but the decrease in fuel consumption is much more significant for E85. The net result is that the fuel economy gap between E85 and RG is reduced by about twenty percent when CR is increased from 9.2 to 12.87. Thus, this operating strategy is capable of making a substantial fuel consumption improvement for E85 compared to RG at a maximum load condition.
<figure 14 here>
Combustion Analysis
The use of the LIVC and EIVC combustion strategies to control engine load have an impact on the combustion process. Figure 15 shows cylinder pressure and valve lift for E50 at CR = 11.85 and 1500 rpm for intake pressure throttled to 90 kPa (operating condition 4), and the three operating strategies using EIVC and LIVC with equivalent air flow (operating conditions 5, 6, and 7). Although each case generates an equivalent air flow, there are major variations in the valve control strategies. These differences can significantly impact combustion duration and phasing, as is shown in the heat release rate in Figure 15 (b).
<figure 15 here>
To better illustrate these operating strategies, Figure 16 shows the mass fraction burned (MFB) timing for each of the points shown in Figure 15 . The point at which 50% of the fuel is burned, or MFB 50, shows little variation with each operating strategy, which is to be expected because each strategy is operated at MBT spark timing. Table 3 can be consulted to show that the EIVC, and to a lesser extent the EIVC Asym strategies require a significantly earlier spark advance than the other strategies. The 10-90% combustion duration, or the difference between MFB 90 and MFB 10, is longest for the EIVC condition at 22 CA, followed by the EIVC Asym strategy at 20 CA, and roughly equal for the throttled and LIVC conditions at 17 CA. The reduction in combustion duration between EIVC and EIVC Asym suggests that the long combustion duration for these valve strategies is related to charge motion. We theorize that by closing the intake valves early and then drawing a vacuum on the cylinder contents before compression begins, there is a significant reduction in charge motion in the cylinder compared to the throttled or LIVC cases. Further, we conjecture that by imposing an asymmetry on the valve events with the EIVC Asym condition, we increase charge motion in the cylinder, which speeds up combustion and reduces combustion duration, as is shown in Figure 16 . An earlier investigation by Cleary and Silvas [6] noted a similar trend of increased combustion duration with EIVC operation but attributed it to a lower in-cylinder temperature, which is a result of lower effective CR. However, the data from this study doesn't support that the lower temperature is the primary cause of the longer combustion duration because the LIVC condition also has a lower effective CR and is subject to a similar temperature reduction as the EIVC case, but doesn't exhibit a similar long combustion duration.
The primary impact of fuel composition on combustion phasing and duration occurs when some of the fuels have a knock-limited spark advance. Figure 17 shows combustion timing and duration for each fuel at operating condition 8 (1500 rpm, throttled 80 kPa intake) at CR = 9.2, 11.85, and 12.87. The CR = 9.2 points are the same as are shown in Figure 8 . At CR = 9.2, all of the fuels behave similarly, with minimal differences in the phasing of MFB 10, 50, or 90. More of a difference is evident at CR = 11.85, where the spark advance is knock-limited for RG, HO, and E10, necessitating retarded spark and combustion phasing. The duration of the latter portion of combustion (i.e. MFB 50-90) is shortened because of a small amount of knock for these points. E50 and E85 at CR = 11.85 exhibit little difference from CR = 9.2. Finally, at 12.87, the combustion duration for E50 and E85 show little variation compared to the other CR conditions. However, the other three fuels are all knocklimited, necessitating that the spark advance be retarded, and very short MFB 50-90 duration because of a small amount of knock. Thus, at a given operating condition, the primary factor affecting combustion phasing and duration is knock-limited spark advance. Increases in CR increase the likelihood of knock, but there is otherwise a minimal effect. A correlation between spark retard and efficiency has been proposed by Heywood [13] , and its application here estimates a 5% penalty in output for RG when spark timing is retarded 12 degrees from MBT. Using spark retard beyond this level results in further decreases in power and increases in fuel consumption. To minimize the fuel consumption penalty, it is advantageous to lower the effective CR with either an EIVC or LIVC valvetrain strategy to maintain better combustion phasing. Peak output is also reduced using an EIVC or LIVC strategy, but the resulting fuel penalty is minimized.
DISCUSSION
The above results show that by operating with a high mechanical CR it is possible to increase engine efficiency with fuels that are not knock-limited (i.e. E85 and E50). In addition, it is possible to maintain compatibility and good efficiency with lower octane fuels that are knock-limited by either retarded spark timing or using an EIVC or LIVC valve strategy. A retard in spark timing incurs both an efficiency and power penalty, and has a limited authority for eliminating knock at high CR. The EIVC and LIVC strategies provide a methodology that allows a larger degree of authority. There is a minimal efficiency penalty associated with these operating conditions compared to WOT conditions, and an efficiency benefit compared to an equivalent throttled operation. Another possible option to eliminate knock is exhaust gas recirculation (EGR). Similar to the EIVC and LIVC strategies, using EGR reduces the volumetric efficiency of the engine, thus the maximum power is de-rated. A comparison between EGR and the EIVC and LIVC cases is the subject of a possible future investigation.
If one considers vehicle level optimization for ethanol fuels, there are additional opportunities for higher efficiency. We have shown that E85 can deliver more power than RG at a given engine speed. One can envision a scenario where a transmission would need to downshift with RG to deliver the necessary power, but could remain in a higher gear E85.
There would be, of course, an additional fuel penalty associated with the higher engine speed for RG if a transmission downshift is necessary. Another example of how E85 may provide an additional efficiency advantage is through its lower exhaust temperature. Engine calibrations use a fuel enrichment technique to lower the temperature of the exhaust at high loads in order to protect exhaust system components from thermal damage, imposing a fuel consumption penalty. Figure 18 compares the exhaust temperatures of E85 and RG at two load conditions (2500 rpm WOT and 80 kPa throttled). The exhaust temperature of RG is higher than E85 by 20-30°C at conditions where spark advance is not knock-limited. During knock-limited operation for RG, spark timing is retarded and the temperature difference with E85 increases to as much as 100°C. A higher CR reduces exhaust temperature except for cases when the spark advance is severely limited. Thus, because the exhaust temperature of E85 is significantly lower than RG, fuel enrichment to cool the temperature of the exhaust is not needed as frequently, giving E85 an additional efficiency advantage on a vehicle system level. Quantifying these effects on real-world fuel economy for E85 and gasoline under various driving cycles and transmission configurations is beyond the scope of the current study. As stated in the introduction, this work is part of a broader program aiming to take advantage of the unique fuel properties of ethanol. Included in the broader program is the development of a flex-fuel multi-cylinder engine with multiple cam profiles and a wide range of cam phasing authority to enable it to operate under EIVC and LIVC conditions using a cam-based valve-train. GT-power modeling software was used to simulate the engine with increased CR and is being reported separately in reference [20] . Valve-train control strategies to control effective CR and reduce throttling losses were extensively modeled to identify an approach that allowed higher CR for E85 while still maintaining flex fuel capability on regular gasoline. Based on this information, a multi-cylinder engine has been built and is undergoing test. The results of on-engine verification and optimization will be presented in a future paper.
CONCLUSIONS
A study is presented that experimentally investigates the effects of ethanol, CR, and EIVC and LIVC valve strategies at knock-prone conditions in a direct-injection engine. The major conclusions are as follows:
• Indicated thermal efficiency and IMEP both increase at higher CR, so long as the spark advance is not knock-limited. The high-ethanol content fuels (E85 and E50) are not knocklimited under any operating conditions investigated, whereas the two gasolines and the E10 become knock-limited with increasing CR. Under knock-limited conditions, retarding spark timing incurs an IMEP penalty, which can result in a net efficiency decrease at high CR.
• At substantially similar engine conditions, thermal efficiency and engine power both increase with increasing ethanol content, even when none of the fuels are knocklimited. Contributing factors to the higher power are a charge cooling effect and a higher energy content of a stoichiometric mixture per unit mass of air, which together, account for more than 50% of the increased power. Contributing factors to the increased efficiency are explored and include a mole multiplier effect and differences in γ. The mechanisms and the relative contributions of these efficiency effects are currently being studied.
• Compatibility with knock-prone fuels can be maintained at high CR with the use of EIVC or LIVC strategies. These strategies reduce effective CR, which reduces the likelihood of knock. Compared to spark retard, this methodology provides a greater ability to maintain compatibility with knock-prone fuels at high mechanical CR configurations, and does so without a substantial efficiency penalty.
• When an EIVC or LIVC control strategy is used to prevent knock at high engine load, the engine output is substantially de-rated compared to fuels that do not exhibit knock under conventional valve timing (i.e. E85 or E50). As CR increases, knock-prone fuels become more de-rated, so much so that at CR = 12.87, the IMEP difference between E85 and RG is nearly 33%.
• The fuel consumption penalty associated with E85 can be reduced by 20% by operating at a high mechanical CR and utilizing the EIVC and LIVC control strategies to maintain compatibility with gasoline.
• Combustion duration increases with the EIVC control strategy, and is attributed to a reduction in charge motion. Asymmetric valve events can induce some additional charge motion, which decreases combustion duration. To the extent that charge motion is induced here with asymmetric valve events, combustion duration continues to be longer than the throttled and LIVC cases.
